contour is adequately covered when the plan based on the 3D contours is used. Target coverage was reduced on average by 1 % and no statistically significant difference was observed (p = 0.93). Conclusions In our experience, no significant differences between PTV volumes, PTV coverage, OAR sparing and centroid position are evidenced when comparing 3DCT and 4DCT plans. Conventional 3DCT-based planning is adequate for aPBI.
Introduction
In the era of conformal therapy and intensity-modulated radiation therapy (IMRT), there is an increased desire to raise tumour dose to facilitate improved survival and decrease normal tissue dose to reduce toxicity [1] [2] [3] . IMRT could also allow implementation of therapeutic strategies that reduce the overall radiation treatment time [4] . However, the accuracy of the setup and the internal motion limits the reduction in margins [5] .
The target volume for breast radiotherapy (RT) after conservative surgery for breast cancer (BC) may be affected by breathing motion. Many experiences concerning breathing motion in whole breast treatment showed a minor relevance in postoperative RT treatment for both segmented and wedge tangential field techniques [6, 7] .
Conversely, we hypothesised a possible significant impact of breathing motion on target volume and position in accelerated partial breast irradiation (aPBI). Breathing motion can be taken into account with four-dimensional
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The aim of our study was to evaluate the usefulness of 4DCT in aPBI planning.
Materials and methods
At our Institute, the index quadrant has been treated with external IMRT in a highly selected group of patients [8] . A dose of 30 Gy in five nonconsecutive fractions at 6 Gy/ fraction was prescribed. Inclusion criteria were age at presentation >40 years, tumour size <25 mm, wide excision or quadrantectomy with clear margins (>5 mm), clips placed in tumour bed, and full informed consent from the patient. Angiovascular invasion, in situ carcinoma, and axillary lymph node status were not considered exclusion criteria.
Patients enrolled in the clinical trial are imaged with conventional 3DCT. Treatment plans are generated with Pinnacle (version 9.2) treatment planning system (TPS) (Philips Radiation Oncology Systems, Andover, MA) with four or five coplanar step-and-shoot IMRT beams. Beam energy is 6 MV from an Elekta (Crawley, UK) Synergy BM linac, for all cases.
For patient setup verification, a cone-beam kVCT is performed before each treatment fraction and compared to the planning CT. Automatic registration between the reference and verification images is realised through the Elekta XVI v4.5 software. Patient positioning is corrected using a 6-degrees of freedom robotic couch top (HexaPOD, ElektaMedical Intelligence, GmbH, Germany) with 0.1 mm and 0.1° accuracy. Rotational corrections up to 3° are allowed. There are no limitations in translational corrections. All the corrections found by the registration results are automatically applied.
For this study, we selected a sample of 10 patients with right-or left-sided BC and surgical clips at the excision site. Contouring of the target and relevant organs at risk (OARs) was performed both using 3DCT and 4DCT imaging. For this sample of patients, 3D contours were still used in a clinical setting.
All patients were imaged on a Brilliance Big Bore CT scanner (Philips Healthcare, Eindhoven, The Netherlands) with 512 × 512 resolution and 3 mm slice thickness.
For generating 4DCT datasets, a respiratory sensor (an air bellows belt), integrated with the CT scanner reconstruction, is placed on the patient's chest. While the patient breathes in a normal pattern, the respiratory signal is recorded in conjunction with the scan. A spiral scan is acquired at a sufficiently low table speed for any scanned voxel to remain within the detector collimation throughout a complete breathing cycle. After the scan, the source data and the respiratory signal are used to retrospectively reconstruct the images. A maximum intensity projection (MIP) reconstruction over all the respiratory phases is used as 4DCT to delineate volumes.
The clinical target volume (CTV) was drawn with a uniform 1-cm three-dimensional margin around the surgical clips. The CTV was limited to 3 mm from the skin surface. A second uniform three-dimensional 1-cm margin was added to the CTV to obtain the planning target volume (PTV). The PTV was allowed to extend ≤4 mm inside the ipsilateral lung and was limited to 3 mm from the skin.
The ipsilateral and contralateral breast, ipsilateral and contralateral lung, the heart, and the spinal cord were contoured as OARs. All the regions of interest were contoured according to the recommendations of the International Commission of Radiation Units and Measurements reports 50 and 62.
CTV and PTV volumes and the coordinates of PTV centroids (defined as the mean position of all the points of the contour in all of the coordinate directions) were defined on both 3DCT and 4DCT and were then co-recorded. Treatment plans were generated both on 3DCT and 4DCT contours. We compared the two treatment plans in terms of PTV coverage and OARs sparing. Moreover, we evaluated the 4D-PTV coverage when the treatment plan based on 3D contouring was used. A significant loss in PTV coverage would suggest the need for a 4DCT planning.
Results
Median age of the patients was 63.5 years (range 52-75). The main clinico-pathological features of the analysed patients are summarised in Table 1 .
The average of CTV and PTV volumes together with the mean variations in centroid coordinates is summarised in Table 2 . In Fig. 1 , the comparison between the 3DCT and 4DCT PTV volumes for each patient is shown. The differences are not statistically significant (p = 0.79).
In Fig. 2 , the PTV centroid coordinates are shown both for 3DCT and 4DCT plans in the axial and coronal planes. The average absolute difference is submillimetric for all the directions; the maximum shift is 0.2 mm in the laterolateral, 5.0 mm in the antero-posterior and 0.8 mm in the supero-inferior direction. The average 3D vector displacement is 1.0 mm (range 0.1-5.0 mm).
The dosimetric comparison is summarised in Table 3 . No statistically significant differences were observed both in PTV coverage and OARs sparing; in particular, the 4D-PTV contour was adequately covered when the plan based on the 3D contours was used (Fig. 3) . Target coverage was reduced on average by 1 % (maximum deviation 3 %) and no statistically significant difference was observed (p = 0.93).
Discussion
4DCT acquisition is commercially available, and provides important information on the shape and trajectory of the tumour and normal tissues [9] .
Breathing motion was of minor relevance in postoperative RT treatment of BC for both segmented and wedge tangential field techniques. During respiratory motion, the dose parameters seem to stay within an acceptable range irrespective of irradiation technique used [6, 7, 10] . Richter et al. [7] , for 10 patients with left-sided BC, generated RT treatment plans based on conventional 3DCT studies: two techniques (segmented and wedge-based tangential fields) were compared. The influence of breathing motion on the dose to the target and OARs was evaluated with 4D dose calculation based on respiration-correlated CTs.
Differences in dose distributions were small between segmented and wedge techniques based on 3D studies. Because of small motion amplitude of the chest in the 4DCT studies (1.8 ± 0.9 mm), target coverage was reduced by <5 % due to breathing motion. Differences between 3D and 4D dose calculation were similar for segmented and wedge techniques. Blurring of the dose distribution in 4D dose calculation resulted in lower doses to the OARs. Analysis of EPID movies proved good reproducibility of breathing motion observed in the 4DCT study.
Bedi et al. [6] investigated in 10 patient differences between conventional and 4DCT-based treatment planning and whether gating could improve dose volume parameters.
The maximum movement of the surgical clips was determined in the axial, sagittal and coronal reconstructions of the 4DCT scans. The largest motion was detected in the sagittal plane, with a maximum motion of 5 mm and an average of 2.7 mm (range 1-5 mm). The average 3D vector displacement was 3.7 mm (range 1.7-6.5 mm), which was correlated to diaphragmatic motion and similar in magnitude to the movement of the chest wall. There were no significant differences in the mean breast volumes contoured on the 3DCT scans, 4DCT full inspiration phase, 4DCT full expiration phase and the 4DCT-derived average CT scans. No excursion of the surgical clips outside of the PTV created from 3D imaging was observed on the MIP images.
The authors concluded that no significant benefit for the use of 4DCT-based planning could be shown and that the radiation treatment plan based on 3DCT scans reflected the dose distributions in 4DCT-derived datasets well.
To our knowledge, this is the second published study designed to evaluate intrafraction breast movement and to study the possible gain of 4DCT in IMRT aPBI planning.
Liao et al. [11] used 4DCT in the planning of 3D conformational external beam RT for nine Chinese patients with early-stage BC who received breast conservation treatment. Plans based on 3DCT and 4DCT scans were developed in accordance to RTOG0319 guidelines and dose delivery comparisons were made.
The mean ranges of motion of the excision cavity volume as determined using 4DCT were 1.03 ± 0.51, 2.08 ± 0.92, and 1.27 ± 0.58 mm in the latero-lateral, antero-posterior, and supero-inferior directions, respectively. 4D plan prescribed dose levels were significantly lower (p < 0.05) than 3D plan levels for all of the following: ipsilateral breast V100, ipsilateral lung V30 and contralateral lung V5. However, they highlighted how Chinese (and other Asian) women have overall smaller breasts than their Western counterparts. Therefore, expanding the freebreathing CTV by 8 mm will result in the PTV extending to the skin surface and lung/chest wall interface in the anteroposterior direction, leading to increased irradiation of normal tissues. Moreover, they found that the target range of motion was less than 2 mm in the latero-lateral and supero-inferior directions and hypothesised that expanding the free-breathing CTV by 7 mm in these directions would be sufficient. The authors concluded that the use of 4DCT could lead to improvements in target definition and decreases in normal tissues irradiation.
In accordance with previously published data, our results indicate a larger motion in the antero-posterior Fig. 3 Comparison between 3D-PTV and 4D-PTV coverage obtained by the treatment plan based on 3D contouring direction compared to the other directions, while the average displacements are smaller compared to those previously reported. In our analysis no significant differences between target volumes, target coverage and OARs sparing were evidenced when comparing the 3DCT and 4DCT plans.
The optimal CTV for aPBI is yet to be determined; many authors recommend that at least a 10-mm margin around the tumour bed should be used [7, 12, 13] .
Our study does not aim to reduce margins. Moreover, in our Institute we perform aPBI only in selected patients enrolled in our phase III study. So treatment is performed only if all the dose constraints in our inclusion criteria are respected. We consider it pointless to verify the fairly obvious fact that decreasing PTV expansion allows for better OARs sparing.
Our purpose was exclusively to try to understand, in this era of technological progress and wide availability of new tools in radiotherapy in which cost-effectiveness should always be considered, if 4DCT is an absolutely essential modality to perform hypofractionated aPBI with the IMRT technique.
The dosimetric comparison between plans generated on 3D and 4D contours did not show any significant difference in terms of both target coverage and OARs sparing. Moreover, 4D-PTV contour is adequately covered when the plan based on the 3D contours is used, thus suggesting that planning on single-phase CT is actually adequate for aPBI planning.
Conclusions
In our experience no significant differences between PTV volumes, PTV coverage and OARs sparing are evidenced when comparing 3DCT and 4DCT plans. Concerning PTV centroid position, only small displacements are recorded. In our opinion, the observed variations imply that conventional 3DCT-based planning is adequate for aPBI. The role of 4DCT could be evaluated for individualised directional margins that may lead to a PTV volume reduction and, consequently, an improvement on dose at OARs.
